However, at day 21 after boosting, MF59-adjuvanted primed subjects displayed a higher frequency of H5N1-specific memory B cells than plain-primed or unprimed subjects. The immune memory was rapidly mobilized by a single vaccine administration and resulted in high titers of neutralizing antibodies to antigenically diverse clade 0, 1, and 2 H5N1 viruses already at day 7. In general, postvaccination antibody titers were significantly higher in primed subjects than in unprimed subjects. Subjects primed with MF59-adjuvanted vaccine responded significantly better than those primed with plain vaccine, most notably in early induction and duration of cross-reacting antibody responses. After 6 months, high titers of cross-reactive antibody remained detectable among MF59-primed subjects. We conclude that distant priming with clade 0-like H5N3 induces a pool of cross-reactive memory B cells that can be boosted rapidly years afterward by a mismatched MF59-adjuvanted vaccine to generate high titers of crossreactive neutralizing antibodies rapidly. These results suggest that pre-pandemic vaccination strategies should be considered.
A vian influenza (H5N1) was first associated with human disease in 1997 (1) . Since its re-emergence in 2003, antigenically distinct H5N1 viruses have become widely dispersed among birds and have caused more than 400 human infections (2, 3) . Clade 0 H5N1 viruses were responsible for the 1997 Hong Kong outbreaks but have not been isolated since then. Clade 1 H5N1 viruses predominated in the Indochina peninsula before 2007, whereas H5N1 viruses from Indonesia, Central Asia, Europe, and Africa are clustered in a divergent clade 2 group with geographically distinct sublineages and are responsible for most current human infections.
Rapid deployment of vaccine is critical to ameliorating the impact of the next pandemic, and effective vaccination strategies against H5N1 are an urgent priority (4) . To avoid predicted shortfalls in vaccine supply during the first pandemic waves, stockpiling and/or proactive pre-pandemic use of vaccine has been suggested (5) . However, the antigenic diversity and future evolution of H5N1 viruses pose uncertainties about strain selection for a stockpiled or pre-pandemic vaccine, because preparations from current isolates may be suboptimally matched to a future pandemic virus. Therefore, induction of immune memory and cross-clade neutralizing antibodies are essential components of a pre-pandemic vaccine strategy.
Inactivated subvirion vaccines prepared from H5 strains are poorly immunogenic (6) (7) (8) . The addition of oil-in-water emulsion adjuvant enhances immunogenicity, but 2 doses generally are needed in susceptible subjects (8) (9) (10) (11) (12) (13) . This requirement may be logistically challenging at the time of pandemic declaration, even if stockpiled vaccines are available. Proactive pre-pandemic priming could induce long-lasting immune memory and allow a single booster vaccine to induce protection when needed.
We administered 7.5 g of MF59-adjuvanted surface-antigen clade 1 H5N1 vaccine to unprimed subjects and subjects who had been immunized at least 6 years earlier with MF59-adjuvanted or non-adjuvanted clade 0 A/duck/Singapore/1997 (H5N3) vaccine (8) (9) (10) (11) . Preliminary findings indicated that cross-reactive hemagglutination-inhibition (HI) responses were induced following the booster vaccination (14) . Here, we describe safety and immunogenicity data and show that earlier priming induced a pool of memory B cells that rapidly expanded after a single booster dose, resulting in neutralizing antibodies to antigenically diverse wild-type H5N1 viruses. Our results support a primeboost strategy with MF59-adjuvanted vaccines to protect against all current human H5N1 isolates.
Results
Vaccine Was Well Tolerated. The presence of local and systemic adverse reactions was collected during the first 7 days following either vaccination. Most reactions were self limiting, and 70% of all reported symptoms were graded as mild. There was no indication that the frequency or severity of reactions was greater after the second vaccine dose than after the first (shown in SI Text and Fig. S1 ). The frequency of reactions did not differ significantly among vaccination groups (P Ͼ 0.05). No serious vaccine-related adverse events were recorded.
Frequency of H5N1-Specific Memory B Cells Is Higher in MF59-Primed
Subjects. Fig. 1 Fig. 2 shows the geometric mean titers (GMT) of antibody to NIBRG-14 by HI, neutralization (MN), and single radial hemolysis (SRH) before and after vaccination. Prevaccination antibody was undetected, except in 4 subjects who had SRH above detection limits but negative HI and MN titers, the reasons for which are unknown. By each assay, on each postvaccination visit, antibody titers among primed subjects were in general significantly higher than those among unprimed (all P Յ 0.003, except on day 42 by HI). From day 14 onwards, antibody titers by HI and MN in MF59-primed subjects were higher than in plain-primed subjects (all P Ͻ 0.05). Among all participants, the highest responses were on day 14 in MF59-primed subjects, with GMT of 1:378 by HI, 1:1754 by MN, and 73 mm 2 by SRH, compared with 1:79, 1:473, and 56 mm 2 , respectively, in plain-primed subjects and 1:7, 1:12 and 19 mm 2 , respectively, in unprimed subjects. The second vaccine dose increased titers between day 21 and 42 among unprimed subjects but had no effect in either of the primed groups. No relation between the number or dosage of previously administered H5N3 vaccine and postvaccination titers was observed in primed subjects. Table 1 shows mean geometric increase in antibody titers and in seroconversion and seroprotection rates to NIBRG-14, and, for HI and SRH, their relation to the European Union Committee for Medicinal Products for Human Use (CHMP) licensing criteria for inter-pandemic vaccines. On each postvaccination visit, the highest responses occurred among MF59- primed subjects. From day 14 onwards, there was a significantly greater response by HI and MN among MF59-primed than among plain-primed subjects. MF59-primed subjects fulfilled 3 of 3 CHMP criteria by HI and SRH by day 7 after 1 booster dose. Plain-primed subjects fulfilled 2 criteria by HI and 3 criteria by SRH at day 7. Unprimed subjects fulfilled 2 of 3 criteria by SRH at days 14 and 21 after 1 dose and 3 of 3 criteria by SRH after 2 doses.
Antibody responses to a heterologous clade 2.2 A/turkey/ Turkey/1/2005/NIBRG-23 vaccine strain were evaluated also (SI Text and Table S1 ). On each postvaccination visit, the highest response occurred among MF59-primed subjects. MF59-primed subjects fulfilled 3 of 3 CHMP criteria by HI and SRH by day 7. Plain-primed subjects fulfilled 2 criteria by HI and 3 criteria by SRH by day 7. Unprimed subjects fulfilled 2 of 3 criteria by SRH at days 14 and 21 after 1 dose and 3 of 3 criteria by SRH after 2 doses.
MF59-Primed Subjects Generate
Cross-Reactive Antibody. Fig. 3 and Table 2 show MN antibody against wild-type H5N1 viruses and the original priming A/duck/Singapore/1997 antigen. There were significantly higher prevaccination antibody titers to clade 0 A/duck/Singapore/97 (P Ͻ 0.001) and A/Hong Kong/156/97 (P Ͻ 0.001) viruses in MF59-primed subjects than in plain-primed or unprimed subjects. On each postvaccination visit, MN antibody to all antigens displayed similar kinetics in both primed groups. However, significantly higher titers were seen in primed subjects than in unprimed subjects (MF59-primed, P Ͻ 0.001; plain-primed, P ϭ 0.0011; all antigens on all visits except A/Cambodia/2007 on day 202). MF59-primed subjects displayed higher MN antibody titers than plain-primed subjects from day 21 onwards (P Ͻ 0.005; all antigens except A/HK/156/97 were significantly higher by day 42, and A/ty/Turkey/1/2005 were significantly higher on days 14, 21, and 202). Early cross-reactive MN responses show that by day 7 after the first booster 90% of MF59-primed subjects and 44% of plain-primed subjects had titers of 1:80 or more to all viruses tested. By day 14, 100% of MF59-primed subjects and 90% of plain-primed subjects had titers of 1:80 or more to all viruses tested (SI Text, Fig. S2 ).
On each postvaccine visit, there were higher seroconversion rates (Ն 4-fold rise in titers) to each antigen among primed subjects than among unprimed subjects. The proportion of unprimed subjects seroconverting after 2 doses at day 42 ranged from 24% to 62% in unprimed subjects, from 58% to 100% in plain-primed subjects, and from 92% to 100% in MF59-primed subjects.
Protective Antibody Persists 6 Months After Boosting in MF59-Primed
Subjects. Fig. 2 and Table 1 show that by day 202, antibody to NIBRG-14 had declined in all groups. However, rate of decline was slower in MF59-primed subjects, and titers remained significantly higher than in unprimed (P Ͻ 0.0001) or plain-primed (P Ͻ 0.0001) subjects. All 3 CHMP criteria remained fulfilled by HI and SRH at day 202 in the MF59-primed group. Fig. 3 and Table 2 show that at day 202 seroconversion rates (by MN) and GMT in MF59-primed subjects generally were higher than in unprimed or plain-primed subjects. (Fig. S3) , and all other study viruses (data not shown).
Discussion
Mathematical modeling of influenza transmission suggests that vaccination, if capable of inducing protective responses within 2 weeks of the onset of a pandemic outbreak, could limit the impact of the pandemic (4, 15). Consequently, rapid deployment of effective vaccine is a critical feature of planning and remains an urgent public health priority. Although oil-in-water emulsions (8, 13) and whole-virus vaccines (12) enhance immunogenicity of pandemic vaccines, 2 doses are required to complete primary immunization and fulfill CHMP or Food and Drug Administration licensing criteria (16, 17) . Because the production of a pandemic-specific vaccine cannot begin until the emergent strain is characterized, the rapid use of well-matched vaccine will be challenging. Proactive pre-pandemic priming may be more flexible and may reduce delays in vaccine manufacture and administration (5).
To evaluate the potential of a pre-pandemic vaccination strategy, we analyzed the frequency of antigen-specific B-cell memory and antibody responses in subjects primed with either plain or MF59-adjuvanted clade 0 H5N3 vaccine and subsequently boosted at least 6 years later with a heterologous clade 1 vaccine. Our findings indicate that priming subjects with H5 antigen induces immune memory that can be mobilized rapidly by the single administration of a distinct H5 vaccine. Seven days after administration of the booster, 90% of MF59-primed subjects exhibited high titers of neutralizing antibodies to diverse H5N1 viruses, as well as to the original H5 priming strains. As expected, unprimed subjects required 2 vaccine doses to achieve acceptable responses (6) (7) (8) (11) (12) (13) . We found no evidence that primed subjects preferentially responded to the original clade 0 priming antigens, because antibodies to different H5 virus clades displayed similar kinetics, reducing concerns that have been raised about original antigenic sin (18) . Our results demonstrate that memory B cells induced by primary vaccination with MF59-adjuvanted vaccine, although circulating at frequency comparable to that seen in plain-primed and unprimed individuals, expand more rapidly upon booster immunization, generating potent neutralizing antibody responses as well as new memory cells. In addition to the greater B-cell response, antibody kinetics after the booster vaccination also showed a slower decay in MF59-primed subjects than in plain-primed subjects. We also observed significantly higher prevaccination antibody titers to clade 0 viruses in MF59-primed subjects, suggesting that prolonged responses are achieved when immunizing with MF59-adjuvanted vaccine.
The original priming trials evaluating A/duck/Singapore/97 vaccines during 1999-2001 found that 2 doses of non-adjuvanted vaccine achieved poor seroconversion rates, failing CHMP criteria (8) . Although poorly immunogenic at priming, the nonadjuvanted H5N3 vaccine induced long-lasting cross-reactive memory that could be boosted by a single dose of MF59-adjuvanted heterologous vaccine at least 6 years later, contrasting with a report examining distant prime-boost immunization in which recipients primed with a poorly immunogenic nonadjuvanted baculovirus-expressed recombinant clade 0 H5 vaccine were boosted by high-dose (90 g) non-adjuvanted clade 1 subvirion vaccine (19) . Only 24% of primed subjects seroconverted to both homologous and heterologous H5N1 viruses tested, in comparison with the high seroconversion rates to diverse viruses observed within 7 to 14 days of a 7.5-g MF59-adjuvanted booster in this study. Our results add to observations that oil-in-water emulsions such as MF59 allow antigen dose sparing, induce broad and potent effector antibody responses, and generate long-lasting boostable memory B cells with broad reactivity to heterologous antigens (8) (9) (10) (11) 13) .
Limitations include the age range, number of subjects and variability of the priming vaccine schedule. Interpretation of pandemic vaccine trials is complicated by the poor reproducibility of MN assays and the lack of recognized correlates of protection against avian influenza, requiring evaluation against criteria used for seasonal vaccine assessment (16) . Three independent serological assays produced consistent findings in our study. Because our study did not have the power to detect differences in the number or antigenic content of priming vaccine, appropriately powered studies to evaluate priming schedules are needed.
We previously demonstrated that boosting of cross-reactive antibody can be achieved by MF59-adjuvanted homologous re-vaccination within 18 months of primary immunization (9) . We extend this observation to clade 0/1 prime-boosting after at least 6 years. Because clade 0 viruses no longer circulate, it is important to assess prime-boosting with clade 1/2 or future emergent strains. A pre-pandemic vaccine could be stockpiled for distribution at a time of imminent threat to induce crossprotective responses while waiting for pandemic vaccine. Proactive priming could be performed today to induce memory responses for a future event. The booster could be either a stockpiled homologous or, more likely, a heterologous vaccine prepared from a future variant. Longevity of memory is important, because boosting may occur many years after priming. Evaluation of optimal intervals is underway to give authorities much-needed flexibility. Population priming must be balanced with the safety of mass immunization, and a reasonable approach may to implement an initial vaccination strategy among critical workers (e.g., health care staff) (5) .
Preparedness plans show that vaccination is critical for controlling the next pandemic. Some authorities have invested in H5N1 vaccine stockpiles, but these resources are small in comparison to global demand. The use of stockpiled vaccine is challenged by the need for 2 doses and secondary manufacturing constraints (e.g., filling capacity). MF59, a proprietary adjuvant, was licensed in seasonal influenza vaccines in 1997, and more than 30 million doses have been administered safely so far. Our findings suggest that consideration could be given to advance priming to induce memory responses that enable cross-reactive antibodies to be generated rapidly after infection with the pandemic virus or by a single low-dose vaccination when required at the onset of the next pandemic.
Materials and Methods
Study Volunteers. Using clinical trial records, we contacted subjects who had received A/duck/Singapore/97 (H5N3) vaccine in randomized trials during 1999 and 2001 (8 -11) . In these studies, subjects received 2 doses of MF59-adjuvanted or non-adjuvanted vaccine containing 7.5, 15, or 30 g H5 hemagglutinin, 21 days apart. Some subjects received a third dose 16 months later (9) . Twenty-four subjects who had received previous H5N3 vaccine agreed to participate (SI Appendix and Table S2 ). Each had received 2 or 3 doses (containing 7.5, 15, or 30 g H5 hemagglutinin) of either non-adjuvanted (''plain-primed'') or MF59-adjuvanted (''MF59-primed'') H5N3 vaccine. Of the 12 plain-primed recipients, 7 subjects received 2 doses, and 5 received 3 doses. Of the 12 MF59-primed recipients, 5 subjects received 2 doses, and 7 received 3 doses. Unprimed subjects who had not received H5N3 vaccine were enrolled. Demographic characteristics were similar, except there were more Asians among unprimed subjects. Four additional subjects were laboratory staff who received MF59-adjuvanted H5N3 vaccine outside controlled trials. Because the quality of vaccine storage could not be guaranteed, their results were included in safety analyses but were excluded from immunogenicity analyses (Fig. S4) . For MN, sera were tested at an initial dilution of 1:20, and those that were negative were assigned a titer of 1:10. For HI, sera were tested at an initial dilution of 1:8, and those that were negative were assigned a titer of 1:4. SRH (22) was performed at the University of Siena, Italy, with NIBRG-14 and NIBRG-23 viruses. All sera were tested separately and in duplicate, and the geometric mean value was used for analysis.
Enumeration of H5N1-Specific Memory B Cells. Frequencies of MBC were determined by the ELISA-coupled limiting dilution assay (23, 24 ; details in SI Text) and expressed as percentages of the total IgG-secreting cell precursors measured.
Statistics. Group sizes were not based on sample or power calculations. Descriptive statistics were used to summarize demographic, immunogenicity, and safety variables (detailed in SI Text).
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